Here we report the identi®cation of Dfz3, a novel member of the Frizzled family of seven-pass transmembrane receptors. Like Dfz2, Dfz3 is a target gene of Wingless (Wg) signalling, but in contrast to Dfz2, it is activated rather than repressed by Wg signalling in imaginal discs. We show that Dfz3 is not required for viability but is necessary for optimal Wg signalling at the wing margin. q
Results and discussion
The Drosophila Wnt-1 ortholog wingless (wg) (Van Ooyen and Nusse, 1984; Cabrera et al., 1987; Rijsewijk et al., 1987) is required for the determination of speci®c cell fates in the embryo and is essential for the patterning of many adult tissues (Wodarz and Nusse, 1998) . Although several components of the Wg pathway have been identi®ed by genetic means, the identi®cation of the Wg receptor itself has proved more dif®cult. Drosophila Frizzled 2 (Dfz2), a member of the Frizzled (Fz) family of seven transmembrane proteins, has been shown to act as a Wg receptor in a cell culture assay (Bhanot et al., 1996) . More recently, a series of independent studies have shown that Fz and Dfz2 function redundantly to transduce the Wg signal in the embryo (Kennerdell et al., 1998; Bhanot et al., 1999; Mu Èller et al., 1999) . To date, however, no Dfz2 mutants have been isolated. We have now cloned a novel member of the Frizzled family, named Dfz3, and report its expression pattern and mutations that abolish its function.
Dfz3 was identi®ed by characterising a P-element line from a large scale Gal4 enhancer trap screen that allows direct visualization of gene expression patterns in livinḡ ies (Calleja et al., 1996) . A Gal4 insert was found in the cytological position 1C exhibiting an adult expression pattern resembling that of wg. Fig. 1A±C shows the Gal4 expression pattern of this line visualized by a UAS-lacZ reporter gene. Dfz3-Gal4 is expressed in a broad domain centred over, or in a domain coinciding with, the wg expression domain depending on the tissue analysed. Dfz3 is expressed throughout the wing pouch but appears to be upregulated by Wg signalling at the presumptive wing margin and in a ring around the pouch. In the notum the expression is similar to the thoracic expression of wg. In the leg disc Dfz3 is expressed in a broad ventral wedge centred on the wg domain. Dfz3 expression in the eye disc is also coincident with wg expression and can be detected at the dorsal and ventral margins which give rise to the head capsule.
Since the expression pattern in the wing disc is strongly suggestive of Dfz3 being a Wg target gene, we examined whether its expression was controlled by Wg signalling. As can be seen in Fig. 1G±I , when the Wg pathway is ectopically activated in clones of cells expressing a constitutively activated form of Armadillo, Dfz3 expression is upregulated in these cells in a cell-autonomous fashion. This supports the view that Dfz3 is a target of Wg signalling, and indicates that Wg acts directly and at long range in the wing pouch to control the expression of Dfz3 (see Zecca et al., 1996) .
Genomic sequences¯anking the P-element insertion were cloned and used to screen an imaginal disc cDNA library. A 2.1 kb cDNA was isolated and fully sequenced. In situ hybridization with a probe derived from this cDNA reveals an expression pattern that corresponds to the distribution of Gal4 activity described above (Fig. 1D±F) . Sequence comparison revealed that it encodes a novel seven-pass transmembrane protein of the Frizzled family.
DFz3 protein manifests characteristic features of the Frizzled family in that it has a cysteine-rich amino terminal domain followed by seven transmembrane domains, and ends with an S/T-X-V motif at the C terminus. The DFz3 protein sequence shows 18% identity to Fz and 28% identity to DFz2 (Fig. 2) .
The P-element insertion was determined to be 201bp upstream of the ATG. We mobilized the P-element and carried out a PCR based screen to select for imprecise excision events. Three such chromosomes were identi®ed in which the ATG start codon, 220 bp of the coding region, and an undetermined fraction of intron sequences were Zecca et al., 1996). removed. These molecular null mutants are perfectly viable and show no phenotype. It is possible that Dfz3 acts to transmit the Wg signal but that its function, like that of Fz and Dfz2 is masked by redundancy.
Evidence supporting a functional role for Dfz3 in Wg signalling comes from a genetic interaction with Serrate (Ser), a gene which encodes a Notch ligand involved in establishing wg expression in the wing margin (Thomas et al., 1991; Diaz-Benjumea et al., 1995) . Ser D is a dominant mutation that results in reduced wg expression in wing margin cells (Thomas et al., 1995) . Dfz3 mutations enhance the Ser D phenotype in a dose-dependent manner (Fig. 3) . With one copy of Dfz3 removed the Ser D wings show stronger notching and a loss of wing margin bristles. Removing Fig. 2 . Comparison of the amino acid sequences of the three Drosophila Frizzled proteins using the ClustalW algorithm. Identical amino acid residues are shaded in dark grey, similar residues in light grey. The GenBank accession number for Dfz3 is AF195242. the second copy of Dfz3 enhances this phenotype further and results in additional posterior margin notching (data not shown).
In summary, we have identi®ed a novel member of the Drosophila Frizzled family, Dfz3, whose expression is controlled by Wg signalling. Under normal conditions Dfz3 is dispensable, but in situations in which wg expression is compromised, it is required for the Wg-dependent patterning of the wing margin. We suggest that Dfz3 may function in concert with Dfz2 and Fz to transduce or transport the Wg signal in imaginal discs.
Methods
The screen for new Gal4 insertions was conducted as follows. The pGawB P-element transposon (Brand and Perrimon, 1993) was mobilised using a standard source of transposase. New insertions were screened in living¯ies with a UAS-y chromosome (Calleja et al., 1996) and examined for y 1 rescue localised to speci®c cuticular regions.
The MD810 line exhibited a y 1 rescue in the thorax that suggested an expression pattern similar to that of wg.
Plasmid rescue was performed on the MD810 insertion line using established methods. Immunostaining and in situ hybridization of wing imaginal discs was done according to standard protocols. 
